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PREFACE

Three estimation algorithms have been studied to determine

their suitability for onboard use with TracKing and Data

Relay Satellite System (TDRSS) data: the extended Kalman

filter (EKF), the sliding batch differential corrector

(SBDC), and the consider Kalman and extended Kalman

filters. This volume of Onboard Orbit Determination With

Trackin@ and Data Relay Satellite System (TDRSS) Data pre-

sents the results of the EKF study. The SBDC and consider

filter study results are described in Volumes II and III,

respectively.
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ABSTRACT

This document presents the results of an evaluation of

Landsat-D and Gamma Ray Observatory (GRO) orbit determina-

tion accuracies achievable using Tracking and Data Relay

Satellite System (TDRSS) data in the extended Kalman

filter (EKF). The evaluation used the Research and Devel-

opment Goddard Trajectory Determination System (R&D GTDS)

to analyze the effects of parameters such as data contact

frequency, data type, data simulation errors, and EKF

options. The result is a recommendation on the feasi-

biiity of dsing the EKF as an onooard orDit estimator in

future spaceflight missions.
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SECTION 1 - INTRODUCTION

The National Aeronautics and Space Administration's

Goddard Space Flight Center (NASA/GSFC) is currently

investigating the feasibility of autonomous spacecraft

navigation. As part of that study, an onboard orbit de-

termination algorithm must be selected that will provide

both reliability and accuracy. One candidate for this

role is the extended Kalman filter (EKF), which updates

the spacecraft orbital parameters with each successive

observation. This sequential processing capability is

particularly advantageous for onboard orbit estimation.

This document presents the results of an evaluation of the

feasibility of using the EKF with Tracking and Data Relay

Satellite (TDRS) System (TDRSS) data. The use of TDRSS

data for onboard estimation has the advantage that NASA

will already be using TDRSS for ground-based satellite

tracking and the relay of command and telemetry data.

Therefore, TDRSS interfaces will already exist, and NASA

spacecraft will be equipped with TDRSS transponders. How-

ever, the major constraint in the use of TDRSS is that

only a limited number of users may use the forward link at

a given time, which limits the frequency of tracking con-

tacts.

1.1 SUMMARY

The performance of the EKF was evaluated for estimating

the orbital parameters of the Landsat-D and Gamma Ray Ob-

servatory (GRO) missions using either two-way or one-way

TDRSS tracking data. The evaluation was performed using

the capabilities of the Research and Development Goddard

Trajectory Determination System (R&D GTDS) available at

the time of the study (References 1 and 2).
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A nominal tracking schedule of one 10-minute tracking con-

tact per revolution was used. The effect on the EKF's

performance of the following factors was investigated:

(i) the processing of range and Doppler data or Doppler

data only, (2) the reduction of the tracking schedule to

once every two or three revolutions, (3) the presence of

Large errors in the TDRSS positions used in the computa-
tion of the observations, (4) the accuracy of the onboard

frequency standard used in extraction of one-way Doppler

data, and (5) the presence of passes of data with anom-

alously high measurement errors.

Section 2 of this document discusses the TDRSS measurement

models used in the evaluation° Section 3 discusses the

evaluation procedure (i.e., comparing truth models to EKF

estimated solutions) and describes the baseline data simu-

lation and estimation parameters. Section 4 analyzes the

orbital parameter accuracies achievable for the Landsat-D

satellite using TDRSS data and the EKF. Section 5 dis-

cusses a parallel analysis performed for GRO. Section 6

summarizes the conclusions reached as to tne feasibility

of using the EKF and TDRSS data for onboard orbit deter-

mination.

1.2 CONCLUSIONS AND RECOMMENDATIONS

Based on the simulations descriOed in this document, the

following general conclusions can be drawn:

• Using an EKF with a tracking schedule of one con-

tact per revolution yields Landsat-D equilibrium solutions

accurate to 50 meters in root-mean-square (rms) and

80 meters in maximum deviation for both two-way data

cases. The corresponding performance for GRO is 60 to

90 meters in rms and 90 to 150 meters in maximum deviation.

• The accuracy of the equilibrium solution is more

significantly affected by reductions in data when

._J
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additional solve-for parameters are added, e.g., atmos-

pheric drag parameter for GRO and frequency bias param-

eters for one-way data.

• In general, TDRS ephemeris errors with amplitudes

as large as 280 meters in the radial and cross-track di-

rections and 320 meters in the along-track direction pro-

duced little increase in the error in the equilibrium

solution. An along-track rate of 1 kilometer per day re-

sulted in a biased estimate in the case of one-way data

for Landsat-D and all data cases for GRO. This effect may

result from the correlation of the along-track rate with

clock parameters and the atmospheric drag parameter.

• When anomalous data passes were introduced, no

significant increase in error was obtained when the data

were edited. However, when the data were processed, sig-

nificant increases occurred at the time of processing;

these diminished as more data were processed.

• Processing of one-way data simulated with the

NASA standard transponder model produced a tenfold in-

crease in the error in the solution. This increase was

essentially eliminated by estimating both terms in the

clock model.

• The presence of sinusoidal variations in the

clock bias as large as 2 x 10 -6 seconds produced a ten-

fold increase in the Landsat-D errors but did not signifi-

cantly increase the GRO errors. This is probably due to

the absorption of the effects of this timing error in the

estimate obtained for the atmospheric drag coefficient in

the GRO case.

Based on the results presented in this report, the follow-

ing recommendations are made:

• The use of two-way range and Doppler data or

two-way Doppler data is recommended to achieve accuracies

I-3



on _he order of I00 metecs in rms No conclusive result

,_,as obtained as to whether inclusLon of range data is Den-

eficial.

• If one-way Doppler data Lre used, the accuracy of

the resulting solution is highly lependent on the accuracy

oE the model used for the referen :e frequency standard.

Choice of an appropriate model wi oi require extensive cal-

iOration of candidate models aga_ _st real'istic oscillator

performance data.

• In general, performance ,as not significantly

degraded when data passes were de eted. Therefore, data

editing algorithms should be furt let investigated for use

in the presence of anomalous data

J
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SECTION 2 - MEASUREMENT MODELS FOR TDRSS DATA

TDRSS is a system of three tracking and data relay satel-

lites to be maintained in circular, near-equatorial, geo-

synchronous orbits. Two operational satellites, TDRS East

(TDRS-E) and TDRS West (TDRS-W), will be spaced approxi-

mately 130 degrees apart at 41 degrees and 171 degrees

west longitude, respectively. The third, TDRS Spare, to

De situated between the other two, will be used primarily

in the event of a failure in one of the operational satel-

lites. TDRSS is discussed in detail in Reference 3.

In the current study, both one- and two-way TDRSS tracking

data were investigated for use in onboard orbit determina-

tion. One-way TDRSS data are Doppler measurements that

are extracted on board the user satellite from tracking

signals originating on the ground, relayed through a TDRS,

and received by the user spacecraft. TDRSS ephemeris data

are uplinked to the user spacecraft via the TDRSS command

stream. The accuracy of the one-way measurements is de-

graded by any timing errors in the onboard user clock that

is used to extract the tracking signals.

Two-way TDRSS data are extracted on the ground from a

round-trip propagation of the tracking signals; the re-

sulting range and/or Doppler measurements are relayed back

to the user spacecraft. For onboard orbit determination

applications, the two-way data would oe transmitted to the

user spacecraft via the TDRS command stream. In addition,

the TDRS ephemeris data would also be uplinKed. Fig-

ures 2-1 and 2-2 illustrate the geometry of the one-way

and two-way measurements, respectively.
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Figure 2-2. Two-Way Tracking Signal Geometry
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2.1 RANGE AND DELTA-RANGE MEASUREMENTS

The one- and two-way TDRSS tracking measurements were sim-

ulated and processed using the pseudo-TDRSS data capa-

bilities in the Data Simulation (DATASIM) program and

FILTER program of R&D GTDS. (A discussion of the deriva-

tion of these measurements can be found in Reference 2.)

To be able to use these existing R&D GTDS data simulation

and EKF capabilities, the Doppler measurements were simu-

lated and processed using a delta-range measurement

model. The TDRSS range and delta-range models that were

used are summarized in the following subsections.

2.1.1 TDRSS PSEUDO-RANGE MEASUREMENT

The TDRSS pseudo-range measurement, R, is the difference

between the measured signal receive time, t R + _t R, and

the measured signal transmit time, t T + At T, multiplied by

the speed of light plus measurement biases and random noise:

R(t R + AtR) = c[(t R + AtR) - (t T + AtT)] + R b + a R (2-1)

J

where t R = true signal receive time

At R = timing bias error in the receive time

t T = true signal transmit time

_t T = timing bias error in the transmit time

c = speed of light

R b = range bias

a = random measurement error
R

The difference between the true receive and transmit times

is given by

0 (tR)
- = + ARC + _

tR tT c
(2-2)
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where p (tR) = total distance along the signal propagation
path at time t R

&RC = refraction correction effects

AT = total transponder delay

In tne pseudo-TDRSS implementation, refraction correction

and transponder delays are absorbed into the range oias

term sucn thac Equation (2-1) reduces to

R(tR + AtR) = P (tR) + c(AtR - ArT) + Rb + JR (2-3)

In the case of two-way data, the receive and transmit

times are measured by the same clock such that

At R - &t T = 0

In the pseudo-TDRSS implementation, only the range fcom

the TDRSS to the user is computed, such that

P (t R) : Ir-_TDRS(tT ) - r%SER(tR)I (2-4)

where rTDRS = TDRS position vector

r%SER = user spacecraft position vector

The TDRS position vector at each measurement time is input

to the EKF in addition to the measurements and the meas-

urement time tags.

2.1.2 TDRSS PSEUDO DELTA-RANGE MEASUREMENT

The TDRSS pseudo delta-range measurement, AR, is modeled

as the difference of two ranges measured at closely spaced

times, AT:

AR(t R + At R) = R(t R + At R)

+ &R + _
o AR

- R(t R + ,_tR - AT)

(2-5)
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where R is computed according to Equation (2-3) (without

the addition of a R and Rb).

The delta-range measurement is physically independent of the

range measurement, since it is measured directly by the re-

ceiver and is not measured as the difference of two ranges.

Therefore, the bias, ARb, and noise, SAR' which are

associated with the delta-range measurement, are independ-

ent of the range bias, Rb, and the noise, _R"

For one-way data, the receive time is measured by an on-

board clock that may not be as accurate as the ground ter-

minal clocks_ To model the effect of this clock error, a

quadratic clock error model is used:

At R = b + b(t R - to) + _ (t R - t0 )2 (2-6)

where b = constant clock bias determined at the epoch of

the polynomial

= clock drift arising from a bias in the reference

frequency

b = clock drift rate arising from a drift in the

reference frequency

t O = epoch time of the model

Substituting Equations (2-3) and (2-6)

yields

into Equation (2-5)

J

AR(t R + AtR) = p (tR) - p (tR - AT)

+ ARb + UAR

where p is given by Equation (2-4).

For the two-way data, the terms b and _ are zero.

2-6
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A sinusoidal plus quadratic clock error model is also

available. In this case

At R = b + a I sin _(t R - t O ) + a 2 cos _ (t R - t O )

e.

+ b(t R - to) + _ tR - t o

(2-8)

where
a I, a 2 = amplitudes measured in seconds

= input frequency nominally equal to 2_ di-

vided by the period of the spacecraft

The sinusoidal terms produce an additional bias in the
e

delta-range measurement equal to

c_AT[a I COS _(t R - to) - a 2 sin _(t R - to) ]
(2-9)

2.2 TDRSS TRACKING SCHEDULES

In all cases, it was assumed that the user satellite was

in contact with a single TDRS for 10 minutes for each

tracking contact. The time between range and delta-range

measurements and the delta-range computation interval were

set at 10 seconds, which yields 30 delta-range measure-

ments for every complete tracking contact. (For both

measurement types combined, there are 30 range and

30 delta-range measurements.)

In the computation of the potential tracking contact

times, the single-access TDRS antenna configuration (with

a half-cone angle of 22.5 degrees) was used. The user-

satellite antenna model was a cone aligned with the

satellite's radius vector with a nail-cone angle of

100 degrees. TDRS-to-user-satellite signals that passed

within 650 kilometers of the Earth's surface were edited.

2-7



The time span of line-of-sight contact between Landsat-D

or GRO and any single TDRS ranges from 40 to 60 minutes.

A 10-minute contact can occur at any time within that vis-

ibility interval. During the early phases of the feasi-

bil_ty study, several models were run to investigate the

dependence of the prediction accuracy on the time from the

first or last possible contact with a TDRS. It was deter-

mined that tracking measurements made consistently at the

beg£nning or end of a visibility interval (edge-justified

data) yield better estimation accuracy than those centered

in the visibility arc (center-justified data). This is

due to the better geometry available for delta-range ob-
servations when the user satellite is moving directly

along the line of sight to the TDRS. However, this inves-

tigation did not include the effect of refraction correc-

tion errors. Since neither data set represents a
realistic case, a'more candom distribution of tracking

contacts was selected for use in the remainder of the

study. These contact times are defined in Sections 4 and

5 for Landsat-D and GRO, respectively.

2-8



SECTION 3 - EVALUATION PROCEDURE

Several programs available in R&D GTDS were used in the

evaluation of the orbit determination accuracy. Fig-

ure 3-1 illustrates the evaluation procedure by which the

ephemeris of a "truth" model for the user satellite was

compared with the ephemeris produced by the EKF esti-

mator. Deviations between the two ephemerides provide a

measurement of the accuracy obtained by the EKF for a par-

ticular test case. The simulated data used by the EKF is

supplied by the DATASIM program, which has the capability

to corrupt the range and delta-range measurements with

measurement errors and random measurement noise. A sample

R&D GTDS deck setup is given in Appendix D.

The analysis procedure used in comparing the ephemerides

involved examining (i) the solve-for parameter report,

(2) the rms and the maximum deviations of the position and

vetocity errors, and (3) the radial, along-tracK, and

cross-track ephemeris comparison plots of the position and

velocity errors for the full estimation time span. These

statistics were recor(_ed for all runs along with pass fre-

quency, number of TDR_Is observed, and measurement and

modeling errors appli<d.

3. [ TEST CASES

The Landsat-D and GRO spacecraft were selected as the

sample test cases for onboard orbit estimation. Landsat-D

has a near-polar inclination and a medium altitude. GRO

has a lower altitude and a less-inclined orbit.

For each satellite, baseline runs were generated repre-

senting each of the three data types (one-way delta-range

data, two-way delta-range data, and two-way range and

delta-range data). Tao]e 3-1 lists the orbital elements

3-1
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and spacecraft parameters of Lands,t-D and GRO and the

orbital elements of TDRS-E and TDRS-W.

3.2 MEASUREMENT ERROR MODELS

The TDRSS observation data set is ,_enerated in the DATASIM

program. The observation data set consists of the TDRSS

range and/or delta-range measurements, the measurement

time tags, and the coordinates of the TDRS at the measure-

ment time. The format of this data set is given in Appen-

dix C of Reference 4. The measurement biases and random

measurement errors are applied to the measurement. The

TDRS ephemeris errors are applied to the TDRS coordi-

nates. The user-clock errors affect the measurements and

the time tags. Tables 3-2, 3-3, and 3-4 list the nominal

values for these error sources. Measurement errors aris-

ing from refraction correction errors were not included.

3.2.1 MEASUREMENT BIASES

The range measurement bias used in all _uns has a standard

deviation of 7 meters. In the cases run, the TDRS-E range

measurement bias is -18 meters, and the TDRS-W range meas-

urement bias is -2 meters. In the nominal two-way cases,

a delta-range measurement bias was not added. In the

one-way case, the error in the clock drift (or reference

frequency) gives rise to the delta-range bias given in

Equation (3-1).

3.2.2 RANDOM MEASUREMENT ERRORS

The two-way data were simulated using a standard deviation

of I meter for range measurements and 1 centimeter for

delta-range measurements. The one-way delta-range data

were simulated with a standard deviation of i0 centimeters

to simulate the expected performance of an onboard re-

ceiver.

J

J
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Table 3-2. Data Simulation Measurement Errors

PARAMETER

RANDOM RANGE ERROR (m)

RANDOM DELTA-RANGE ERROR (cm)

RANGE MEASUREMENT BIAS (m)

DELTA-RANGE MEASUREMENT BIAS (m)

BASELINE STANDARD DEVIATION

ONE-WAY DATA

10

EQUATION (3--1)

TWO-WAY DATA

o

q_

Table 3-3. Data Simulation TDRS Ephemeris Error Model

PARAMETER

PERIOD OF SINUSOID 1 (hr)

RADIAL AMPLITUDE (H) (m)

CROSS-TRACK AMPLITUDE (C) (m)

ALONG-TRACK AMPLITUDE (L) (m)

ALONG-TRACK GROWTH RATE ([) (m/day)

VALUE

24

35

35

80

250

lSlNUSOIDAL PERIOD FOR RADIAL. CROSS-TRACK. AND ALONG-TRACK
TDRS EPHEMERIS EHI_ORS.

Table 3-4. Data Simulation Quadratic User-Clock

Error Model

COEFFICIENT

USER-CLOCK BIAS (b) (=ec)

USER-CLOCK DRIFT (1_) (sec/sec)

USER-CLOCK DRIFT RATE (b°)

(sec/sec/da¥)

USER-CLOCK SINUSOIDAL
BIAS AMPLITUDES (sec)

ONE-WAY DATA nO-WAY DATA

NASA
STAN DA R D

TRANSPON DER

0

1 x 10 .6

2 x 10 .7

ACCURATE
ONBOARD CLOCK

0

2x 10 .7

2x 10 .9

PERFECT CLOCK

o

3-5



3.2.3 TDRS EPHEMERIS ERROR

The TDRS ephemeris errors are added to the TDRS coordi-

nates that are generated for each measurement. These co-

ordinates are used in the FILTER program to compute the

range and delta-range measurements. Therefore, the TDRS

ephemeris errors affect the computed measurements, not the

simulated measurements.

The TDRS ephemeris errors were modeled as a sinusoidal

term for the radial (H), cross-trac_ (C), and along-track

(L) errors with an additional linear along-track rate in-

cluded. The sinusoidal errors H, C, and L are all in

phase, startlng with a value of zero at epoch for TDRS-E.

The TDRS-W errors are 180 degrees out of phase with the

TDRS-E errors. The period is equal to the period of the

TDRS satellite, i.e., 24 hours. The baseline amplitude

for H and C is 35 meters; for L, 80 meters. The along-

track rate is 250 meters per day. Figure 3-2 illustrates

the time variation of the TDRS-E ephemeris errors for the

baseline case.

Changes in the ephemeris errors were made to determine

their influence on prediction accuracy. In some cases the

errors were increased by nearly an order of magnitude over

their initial baseline values.

3.2.4 USER-CLOCK ERRORS

One-way delta-range data were simulated with user-clock

errors to account for errors introduced by the onboard

clock, which is used as a frequency standard in the meas-

urement extraction process. Two levels of onboard user-

clock errors were generated using the quadratic clock

model given in Equation (2-6). The values of the coeffi-

cients for user-clock bias (b), drift (b), and drift rate
oe

(b) were based on (i) the NASA standard transponder and

(2) an "accurate" onboard clock. For the case of one-way
J
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Figure 3-2. TDRS-E Ephemeris Errors
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data, the user-clock drift (b) was an additional solve-for

parameter in the FILTER program.

The user-clock errors are added to the measurement time

tag. In addition (and more importantly), the accumulated

relative frequency error produces a bias on the delta-

range measurement. This bias is equal to

[_ ""cAT + b(t - t O ) + al_ cos _(t -

- a2_ sin _(t - to) ]

t o )

(3-1)

The nominal values given in Table 3-4 produce a delta-

range bias of [3 + 0.6(t - to)] kilometers for the NASA

transponder and [0.6 + 0.006(t _ to)] kilometers for the

accurate clock, where t - t O is the elapsed time from

epoch measured in days.

3.3 DYNAMIC MODELING ERRORS

Dynamic modeling errors are simulated by mismatching the

spacecraft acceleration and clock models that are used in

the data simulation and the EKF processing. Physically,

these errors arise from the lack of precise models for the

accelerations acting on the spacecraft and the behavior of

onboard clocks. The dynamic modeling errors affect the

accuracy of the propagation of the orbital state vectors.

Appendix C discusses the Landsat-D and GRO prediction

errors that result from the mismatched models that are

listed in Table 3-5.

3.3.1 GEOPOTENTIAL MODEL

A 15-by-15 Goddard Earth Model-9 (GEM-9) geopotential was

used in the R&D GTDS DATASIM program, and an 8-by-8 GEM-I

geopotential was used in the R&D GTDS FILTER program. The

purpose of this mismatch is to simulate errors in the

3-8



Table 3-5. Dynamic Models

PARAMETER

GEOPOTENTIAL

SOLAR FLUX

AERODYNAMIC DRAG COEFFICIENT

SUN AND MOON

SOLAR RADIATION PRESSURE

INTEGRATOR

RESONANCE (GRO ONLY)

DATA SIMULATION

VALUE

15 x 15, GEM-9 a

150 x 10 -22 watt/m2/Hz

2.0

YES

NO

COWE LL 12TH-ORDER

YES

EKF VALUE

8 x 8, GEM-1

200 x 10 .22 watt/m2/Hz

2.2

YES

NO

RUNGEKUTTA 3(4+1 )

NO

3-9



knowledge of the Earth's geopotential field when using the

FILTER program. Higher order resonant terms were included

for GRO only.

3.3.2 DRAG PARAMETERS

The aerodynamic drag coefficient, CD, was taken to be a

constant of 2.0 for data simulation and 2.2 in the FILTER

program. Additional drag modeling errors were simulated

by using a solar flux value of 150 x 10 -22 watts per

square meter per hertz in the data simulation and 200 x

10 -22 watts per square meter per hertz in the FILTER

program.

3 o3.3 SOLAR RADIATION PARAMETERS

Solar radiation pressure was nQt included in either the

data simulation or estimation models because of its small

effect at the altitudes of the spacecraft under study.

3.4 BASELINE EKF PROCESSING PARAMETERS

Table 3-6 lists the parameters that were estimated and the

process noise terms that were included in the EKF process-

ing. Table 3-7 lists the a priori values or offsets and a

priori covariances associated with the estimated param-

eters and the measurement standard deviations that were

used in the baseline runs.

In the case of one-way data, the clock drift term, b, is

estimated in addition to the orbital state vector. For

GRO, the atmospheric drag parameter, PI' is also esti-

mated.

The state, clock, and drag covariance process noise rates

were modeled using the linear model

Q(t ) = Q • (t k - tk_ I)

3
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Table 3-6. Options Used in EKF

OPTION ONE-WAY DATA TWO-WAY DATA

ESTIMATED PARAMETERS

LANDSAT-D

GRO

PROCESS NOISE TERMS

LANDSAT-D

GRO

O

(%1

Table 3-7. A Priori Values and Measurement Standard

Deviations in EKF

PARAMETER

A PRIORI STATE OFFSETS

X, y, Z

A PRIORI USER CLOCK PARAMETERS

b (BIAS)

_) (DRIFT)

NASA STANDARD TRANSPONDER

ACCURATE ONBOARD CLOCK

ee

b (DRIFT RATE}

A PRIORI _1

A PRIORI COVARIANCES

X, y, Z

Pl (GRO ONLY)

STANDARD DEVIATION OF MEASUREMENT
ERROR

RANGE

DELTA-RANGE

BASELINEINPUTVALUE

I

ONE-WAY DATA

lOOm

30 cm/sec

0$e¢

1.1 x 10 -6 sec/sec

2.2 x 10 .7 sec/sec

0 $ec/sec/day

0.0

0.1 km 2

1.0 m2/sec 2

1 x 10-6 sec/sec

1.0

10 cm

TWO-WAY DATA

lOOm

30 cm/sec

0,0

0.1 km 2

1.0 m2/sec 2

1.0

40 m

1 cm

qo

p_
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where Q(tk) = process noise

= diagonal matrix of constants that are the

assumed noise variance rates of change for

the solve-for parameter set

t = measurement time
k

tk_ 1 = measurement time of previous observation

The state covariance is augmented by Q(tk) at each meas-

urement time, t k. In the current study, nonzero process

noise rates of change were used for the velocity, clock

drift, and drag (GRO only) terms.

J
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SECTION 4 - EVALUATION RESULTS FOR LANDSAT-D

This section presents the results of evaluating the EKF

for determination of the Landsat-D orbit from TDRSS track-

ing data. Table 3-i (Section 3) specifies the nominal

Landsat-D orbital elements. Figures 4-1 through 4-3 il-

lustrate the periods of potential contact of Landsat-D

with TDRS-E and TDRS-W and the 10-minute time spans that

were selected for the nominal one-, two-, and three-

revolution contact frequencies, respectively.

Sections 4.1 through 4.3 discuss the performance of the

EKF using two-way range and delta-range data, two-way

delta-range data, and one-way delta-range data, respec-

tively. Section 4.4 discusses the performance of the EKF

in the presence of anomalous data passes. Radial, cross-

track, and along-track plots of the position errors for

several representative runs are given in Appendix A. The

complete set of difference plots is contained in Refer-

ence 5.

4.1 TWO-WAY RANGE AND DELTA-RANGE DATA

This section presents the results of evaluating the EKF

performance using two-way range and delta-range data.

Table 4-i is representative of the format used throughout

this document to present the performance statistics. The

table contains the following information:

• Run identification number

• Contact frequency

• Process noise covariance rate input for all three

velocity components

• TDRS ephemeris errors--The baseline values are

specified in Table 3-3. A notation such as 8H

signifies eight times the baseline _adial error.
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• Range standard deviation used in the EKF--AII

other input values are as described in Section 3.

• Root-mean-square and maximum position vector dif-

ferences obtained by comparison with the "true"

ephemeris over the time intervals listed

• Reference figure numbers--The numbers of the ap-

propriate error plots in Appendix A are specified.

4.1.1 BASELINE RUNS

Runs B1 through B6 in Table 4-i summarize the effect of

varying the state process noise for the baseline tun of

one tracking'contact every revolution for two-way range

and delta-range observations. The optimum value for the

-20
process noise is approximately i0 kilometers squared

per second cubed (km2/sec 3) (run B5) with a resulting rms

positional error of 41 meters during the last 3 hours.

Comparison of Figures A-4 through A-6 with Figures A-7

through A-9 s'hows that the value of l0 -14 km2/sec 3 permits

rapid convergence to the solution, as indicated Oy tne low

error in the 9-hours-to-12-hours range. However, the

value of i0 -20 km2/sec 3 produces mote staole behavior,

which results in the most accurate solution after 24 hours

of processing. Inspection of Figures A-7 through A-9

indicates that initial transients essentially disappear

after processing about 3 hours or two contacts of data.

4. i. 2 VARIATION OF CONTACT FREQUENCY

The remainder of Table 4-i indicates the effect of varying

contact frequency on the optimum state process noise value

and the position accuracy. The optimum value for the
-16

state process noise appears to be in the range of i0

Km2/sec 3 to 10 -22 km2/sec 3. If one value for state

4-6
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process noise were to be selected, 10 -20 km2/sec 3 would be

the most appropriate for all three contact frequency cases.

Comparing runs B5, C5, and D2 and their representative

plots (Figures A-7 through A-15), tne initial transients

in position determination increase in amplitude with

longer data gaps. However, most large-scale transients

nave disappeared after the second 10-minute contact in all

data frequency cases. The steady-state solutions for all

three contact frequencies are of essentially equivalent

accuracy.

4 . i. 3 VARIATION OF TDRS EPHEMERIS ERRORS

The TDRS ephemeris errors primarily degrade the range

measurements. The standard deviations of the range and

delta-range measurement errors _ arising from the ephemeris

errors are derived in Appendix D. The measurement stand-

ard deviations were adjusted in each EKF run accordingly,

resulting in a considerable downweignting of the range

measurements.

TaOle 4-2 shows that changes in the baseline values of tne

TDRS ephemeris errors had varFing influence on the re-

sults. Changes in radial (H) and cross-track (C) errors

by factors of up to eight times the baseline values

yielded virtually no change in the position accuracy.

Quadrupling the along-track sinusoidal amplitude (L) or

linear rate coefficient (L) produced a small increase in

the errors after 12 hours of processing. The cross-track

plots for the 8H, 8C, and 4L cases show initial position

differences that are larger than the standard model by

30 meters, decreasing to the error levels of the baseline

tun after 6 hours of processing (see Figures A-17 and

A-20).
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4.1.4 CONTACTS WITH ONLY A SINGLE TDRS

Runs Fl through F3 (Table 4-2) are those in which only one

TDRS was observed during the entire time span. The re-

sults from these runs are somewhat worse than those ob-

tained when two TDRSs are alternately observed. This can

be explained by the larger range measurement bias on

TDRS-E and possibly the better geometry available to the

user when sighting two tracking satellites rather than

just one.

4.2 TWO-WA_ DELTA-RANGE DATA

Tables 4-3 and 4-4 present the results from processing

two-way delta-range data. Baseline run H3 with one pass

of data every revolution obtained the best rms position

accuracy of 49 meters over the last 3 hours for a process

noise value of 10 -18 km2/sec 3. For this case, there is

essentially no degradation in the position accuracy of the

steady-state solution when t_e range observations were

removed as compared to tne range and delta-range results

discussed earlier. For contact frequencies of two and

three revolutions (I6 and J3), the maximum initial errors

are considerably smaller than when the range data were

included; however, the three-revolution contact frequency

appears to require more p_ocessing time (three contacts)

to achieve a steady-state solution. An optimum value of

process noise for all pass frequency cases appears to Oe

in the range of 10 -18 km2/sec 3 to 10 -20 km2/sec 3.

As can be seen in Table 4-4, the effects of changing the

along-track errors to 4L and 8L are significant after

12 hours of processing but disappear after 21 hours of

processing. However, increases in the radial and cross-

track errors or along-track error rate result in negli-

gible changes in positional accuracies. For observations

every third revolution, the effect on the positional

4-9



I

..IJ
r_

:>.,

I
0

C_

-,-I

.,..-t
J,J
_..E:

-,-.i
0

E--,
r-',
I ,-_

_L9
rd

I

r--I
,.Q

E_

o/i {,,;

;.z_-_ _ _-:

{",1
t

uJ L.-
(Jz ;,
ul

er
ILl _"

ra.,
r

z o)
o

I.- ,-

0 I
a.. e-

:E o
:3
:2_ _:

:E ,-
0

t-

r4
I

U.I
rJ

Z
u,; ('_

n,,
u,I I
LL J::
U. (3)

o
7- i
0

I
..if,

(n

_ma:

_-o_z

>.
I-- o.=
{-) z (n
<wrr

ZOI.-

(Jrr_

IJL

z

rr

0g/9_.gL

_' 0"_ c,D _ (D r'...
_r

uo t.o _ tD t..")

tn r'l

¢,3

go _ oO 0_ <3_

uJ t_l

z z
-I .J

LU UJ
(n 0_

< <
,.n ,,n

_0
e")

e,1

09

o'1 _ _ '.O -- _

• 1" t'N

03 o_ oo_11 0_ _ rO

G'_ r.. el e')

('3

¢,1 @1 OO OO

01 _1 01 01

'0 'O '¢:' '_) 0

uJ
z
..J

uJ
_n
<
rn

'0 '0 '0 '0 '0 '_
_ _=-

0 0 _ 0

-- IZ:
4: --

(3 -'r 2: 3:; 3: "r

uJ i11
rr

_n

Pr

i-

n-
o
LU

rr

i-

n-

_u

p-

I--

ul
i,i

)--
{J
<

)--
Z

0
_J

i11

N

o

-I

<

w

Z

J

4-10



/

I

f-4

I
0

E_

u_

C_

4J

0

¢,
I cq

I

,-4

.Q

Lua"

_m_L
_Z v

Z

u.
u.

5
z
o

o

D

X

,,i

Z

r_

u.

5

C

_n,. n"

rr_O
C_,,, rr
F- n. nr

eL _'

t_

I
e-

7
(N

7
(D

<uS_-
_-O
_z E

>-

< ,,, .-

Urf'_

.1=

,1=

.1=

%

O

us

z

O

O

z

0

0

rr

e_

>
u_

rr

./

4-11



accuracy of increasing the along-track ephemeris error is

significant after 12 hours of processing but disappears

after 21 hours of processing.

4.3 ONE-WAY DELTA-RANGE DATA

One-way delta-range data differ from two-way delta-range

data because of the additional errors introduced Dy the

onboard clock timing and frequency errors (see TaDle 3-4)

and the higher random measurement noise level. To account

for the timing errors, the clock drift term is estimated

in the one-way case, and clock process noise covariance

terms are included. Determination of appropriate process

noise levels thus becomes a two-dimensional proOlem.

4.3.1 BASELINE RUN WITH ACCURATE ONBOARD CLOCK

Runs M1 through M30 in Table 4-5 were made to determine

appropriate process noise levels for the baseline case

using one-wa_ delta-range data simulated with an accurate

clock model at contact frequencies of one, two, and three

revolutions. In addition to the data presented in pre-

vious taoles, Table 4-5 lists the error in the estimated

value for the clock drift, _b, after 12 or 24 hours of

processing. At 24 hours the correct value _or the clock
--7

drift is 2.02 x i0 seconds per second.

For the one-revolution contact frequency, a state process

noise level of 10 -12 (km2/sec 3) is too large, and

-14 -20
10 through 10 yield identical results. For the

-19
clock process noise, a value of I0 seconds squared

per second cubed (sec2/sec 3) yields large initial

-20 -21
transients, 10 yields the best results, and 10

yields poorer results over the last 3 hours. The steady-

state solution given in run M4 is equivalent to results

obtained using two-way data.
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4.3.2 VARIATION OF CONTACT FREQUENCY

For the case of a two-revolution contact frequency, a state

process noise level of 10 "12 (km2/sec 3) is too large and

10 -14 through 10 -20 appear co yield nearly identical

results. Values of 10 -18 through 10 -20 (sec2/sec 3) for the

clock drift process noise covariance are too large; values

of 10 -22 and 10 -23 yield the best results, and l0 -24

appears to be too small. The best results for this case

(M14) demonstrate a 50-percent increase in the error in

the steady-state solution as compared with the baseline

case.

Similar results were oDtained for the three-revolution

contact frequency cases. For the state process noise

level, values of 10 -12 through i0 -20 produced comparable

accuracies. For the clock drift noise, values of 10 -19

and l0 -22 were too large, and 10 -23 produced the best

results. In this case the steady-state errors are about

three time larger than in the one-revolution case.

4.3.3 VARIATION OF TDRS EPHEMERIS ERRORS

Runs M31 through M33 illustrate the effect of TDRS ephem-

eris errors when using one-way delta-range data. Com-

parison with run M7 indicates that errors as large as

280 meters in the radial and cross-track directions or

320 meters in the along-track direction do not signifi-

cantly degrade the estimated position after 24 hours of

processing. However, the increased along-tracK error does

produce a 60-meter increase after only 12 hours of proc-

essing, and an along-track rate of 1 kilometer per day

produces an increase in error of about 30 meters at the

end of 24 hours, probably due to the larger error in the

clock drift estimate.
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4.3.4 BASELINE RUNS WITH NASA STANDARD TRANSPONDER MODEL

Table 4-6 summarizes the runs that were made to determine

appropriate process noise levels for the baseline case

using one-way delta-range data simulated with the NASA

standard transponder model parameters given in Table 3-4.

As in the case with the accurate clock, comparison of the

statistics indicates that values for the state process

noise of 10 -14 through 10 -20 (km2/sec 3) yield comparable

results. A value of i0 -12 appears to be somewhat less

optimal. The accuracy of the solution is more sensitive

to the value of the process noise covariance rate for the

clock drift term. A value of £0 -14 for the clock drift

-22 -17
noise is too large; l0 is too small; and i0 and

-18
[0 produce the best results over the first 12 hours.

-16
The value 10 produces the best results for both the

drift term and the spacecraft position over the last

12 hours.

The accuracy of the estimation process using data simu-

lated with the NASA standard transponder model parameters

is limited by the inadequacy o_ estimating and predicting

the linearly varying clock drift term using a constant

model. In this case, the clock drift rate is 100 times

larger than in the case of the accurate clock model. Sim-

ilarly, the optimum value for the clock drift process

noise rate is 104 times larger to compensate for the

larger clock drift rate. Comparison of the along-track

position difference plots for cases M4 and N6 (Fig-

ures A-57 and A-72, respectively) illustrates that the

prediction errors in the case of the poorer clock are

about 10 times larger.

j
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To determine whether a more accurate model for the NASA

standard transponder would improve the solution accuracy,

run NI4 was made in which the clock drift rate, "o, was

estimated using no clock process noise. Results from this

run show improvement to the level of accuracy achieved in

the two-way cases.

4.4 ANOMALOUS DATA CASES

Several simulations were made to investigate the EKF's

performance in the presence of anomalous variations in the

baseline data sets. The results from these simulations

are discussed below.

To assess the impact on the EKF's performance of process-

ing a pass of data with large Lime-varying range and

delta-range measurement errors, data set i in Table 4-7

was substituted for the TDRS-E data that occur at 4 hours

and 45 minutes i_ the baseline data set with a one-

revolution contact frequency. This pass occurs 1 hour

before the maximum in the sinusoidal ephemeris error model

for TDRS-E, resulting in an approximate range error of

7 kilometers and a delta-range error of 300 centimeters.

In addition, the last two passes in the baseline one-

revolution data set were deleted (see Figure 4-1). The

statistics from this simultaton using two-way range and

delta-range data and delta-range data only are listed as

runs Oi and 02 in Table 4-8. A 500-sigma edit test was

used for both runs. Comparison with baseline simulations

B4 and H3 shows an approximate doubling of the errors

after both 12 and 24 hours of processing. Inspection of

Figures A-76 through A-81 shows significant along-track

errors at the time the data are processed.

Simulations were also performed in which tne effect of one

pass of data with a large delta-range measurement bias was

4-18
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stuaied. In run 03, data set 2 with a delta-range oias of

600 meters was substituted from a nominal pass of data.

All of these data were edited, resulting in essentially no

degradation in accuracy as compared to baseline case H3.

In run 04, data set 2 with a delta-range bias of 200 cen-

timeters was substituted. These data were not edited,

resulting in a doubling of the error after 24 hours of

processing.

Simulations were made with data set 3 to investigate the

effect of receiving updated TDRS ephemerides during the

processing. In ooth cases 05 and 06, this update produced
w

little effect on the final solutions.

The effect of losing or deleting a pass of data was also

studied. This case is represented by runs 07 and 08,

which use data set 4 in which the 4th, 8th, and 12th

passes were deleted from the baseline 1-revolution case.

Comparison of cases 07 and 08 with case B5 and H3 indi-

cates that no degradation results using two-way data with

an appropriate value for the process noise covariance rate.

Several runs were also made processing one-way data that

was simulated using the accurate quadratic clock model

with the addition of sinusoidal clock bias errors, as

given by Equation (2-8). The sinusoidal clock bias errors

also produce a sinusoidal bias in the delta-range data

that is given by Equation (2-9). The frequency of the

errors was equal to the orbita£ frequency of Landsat-D.

The amplitudes were chosen such that a I ranges from 2 x

10 -7 to 2 x 10 -6 seconds and a 2 is zero. These

values produce an amplitude in the delta-range bias of

between 60 and 600 centimeters. Table 4-9 summarizes %he

results from these runs.
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Comparison with run M4 indicates that an amplitude of

60 centimeters, which is 0.1 percent of the bias produced

by the clock drift term (_), produces aoout a 75-percent

increase in the solution error after 21 hours of process-

ing. Run O11 indicates that an amplitude of 600 centi-

meters produces a tenfold increase in the error in the

solution a_ter 21 hours of processing. In run O12 the

measurement standard deviation was increased to account

for the oscillating bias caused by the sinusoidal clock

bias errors. This did not produce any significant im-

provement.
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SECTION 5 - EVALUATION RESULTS FOR GRO

This section presents the results of evaluating the EKF

for determination of the GRO orbit from TDRSS tracking

data. Table 3-1 (Section 3.1) specifies the nominal GRO

orbital elements. Figures 5-i through 5-3 illustrate the

periods of potential contact of GRO with TDRS-E and TDRS-W

and the 10-minute time spans that were selected for the

nominal one-, two-, and three-revolution contact fre-

quencies, respectively.

Sections 5.1 through 5.3 discuss the performance of the

EKF using two-way range and delta-range data, two-way

delta-range data, and one-way delta-range data, respec-

tively. Section 5.4 discusses the EKF performance on

anomalous data sets. Radial, cross-track, and along-track

plots of the position errors for several representative

cases are provided in Appendix B. The complete set of

plots is available in Reference 5.

5.1 TWO-WAY RANGE AND DELTA-RANGE DATA

This section presents the results of evaluating the EKF

performance u_ing two-way range and delta-range data.

Tables 3-2, 3-3, and 3-5 (Section 3) specify the nominal

measurement error levels and dynamic modeling errors.

Tables 3-6 and 3-7 (Section 3) summarize the baseline EKF

processing options and a priori values.

5.1.1 BASELINE RUNS

The GRO orbit, which has an altitude of 400 kilometers, is

strongly perturbed by atmospheric drag effects. Atmos-

pheric density modeling errors, which are simulated by a

mismatch of the atmospheric drag coefficients and the den-

sity models, produce large prediction errors, as described

in Appendix C. To reduce the effect of these modeling

5-1
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errors, estimation of the drag parameter, PI' in the

Harris-Priester density model was investigated for the

baseline case. Estimation of this parameter also requires

the adjustment of the associated process noise covariance

rate.

Runs P1 through PI6 in Table 5-1 illustrate the perform-

ance obtained for several values of the state and drag

-process noise with and without estimation of o I. The

estimated value for Pl is also tabulated. The atmos-

pheric density mismodeling cannot be exactly corrected

through sel_ction of a constant P i" However, a value

for Pl in the range of -0.43 to -0.55 produces drag

accelerations approximately equal to the truth model

values at the 400-kilometer altitude.

Inspection of the cases in which Pl is not estimated

(P3, P5, P9, PI4, and PI6) indicates that state processing

noise values on the order of i0 -I0 km2/sed 3 and

10 -12 km2/sec 3 produce the best results. However,

these results are not as good as those obtained when

Pl is estimated and the state and drag process noise

rates are properly chosen.

The optimum value for the state process noise appears to

be about 10 -18 km2/sec 3. The solution is consider-

ably less sensitive to the value of the drag covariance

rate; however, a value in the range of 10 -12 to 10 -14

per second produces better results does than a value of
-I0

i0 per second. Comparison of Figures B-I through B-3

with Figures B-4 through B-6 shows that the estimator's

behavior is more stable when P is estimated. Based
1

on this result, in all further GRO simulations the param-

eter P is estimated.
l
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5. i. 2 VARIATION OF CONTACT FREQUENCY

Runs PI7 through P22 in Table 5-1 illustrate the EKF's

performance for the two-revolution contact frequency

case. For this case the optimum value for the state proc-

ess noise covariance rate is approximately l0 -20 km2/

sec 3. This value produces slower but more uniform con-

vergence than does the value 10 -16 km2/sec 3. The

error in the steady-state solution for the two-revolution

contact frequency is about twice the error obtained using

a one-revolution contact frequency.

Runs P23 through P29 demonstrate the EKF's performance for

the three-revolution contact frequency case. The optimum

value for the state process noise is approximately 10 -16

km2/sec 3. As in the one-revolution case, comparison

of runs P26 through P28 indicates that the solution ac-

curacy is not highly sensitive to the value of the drag

process noise rate.

The values of l0 -18 km2/sec 3 for the state process

-12
noise covariance rate and 10 per second for the drag

process noise rate appear to be the best single choices

Eor processing all three contact frequencies.

5.1.3 VARIATION OF TDRS EPHEMERIS ERRORS

Runs P30 through P32 and P33 through P37 demonstrate the

effect on the EKF's performance of increasing the TDRS

ephemeris errors for the one- and three-revolution cases,

respectively. For both frequencies, TDRS ephemeris errors

as large as 280 meters in the radial-and cross-track di-

rections or 320 meters in the along-track direction do not

produce significantly larger errors in the steady-state

solution.

For the one-revolution contact frequency, inspection of

Figure B-15 indicates that the increase in the along-tracK

5-8



f

rate produces the largest effect, an along-track bias of

about i00 meters in the maximum error over the last

3 hours of processing. The 320-meter along-track error

produces a 70-meter increase in the maximum error after

9 hours of processing; however, this decreases to

25 meters during the last 3 hours.

For the three-revolution contact frequency, the 280-meter

radial and cross-track errors sig_lificantly increase the

errors during the first 12 hours of processing; however,

this effect disappears during the last 3 hours of process-

ing. Along-track errors as large as 640 meters do not

produce a significant increase in the solution error. The

increased along-track rate produc_;s a biased along-track

error of about 50 meters in the steady-state solution.

The biased solution resulting from the presence of the

along-tr;_ck rate error in. the TDRS ephemerides is probably

an indication of difficulty in decoupling this error from

the Pl estimate.

5.2 TWO-WAY DELTA-RANGE DATA

This section discusses the performance of the EKF using

only two-way delta-range data. The data that were used

are a suoset of the two-way range and delta-range data

sets defined in Section 5.1. The baseline EKF processing

options ,_nd a priori values are identical to those used in

tne processing of two-way range and delta-range data.

Table 5-2 summarizes the results.

5.2.1 BASELINE RUNS

Runs Q1 through Q7 in Table 5-2 show the effect of varying

the state and drag process noise levels for the baseline

case of one-revolution contact frequency. As was the case

with the two-way range and delta-range data, nearly

5-9
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identical results were obtained using drag process noise

levels of 10 -12 per second and 10 -14 per second when

the state process noise level was properly adjusted. The

optimum value for the state process noise is on the order

of 10 -16 to 10 -18 km2/sec 3. The value of 10 -16

km2/sec 3 (Q3) produces the smallest errors after

21 hours of processing; the value of 10 -18 km2/sec 3

(Q5) produces the best estimate for the parameter PI"

Comparison of Figures B-24 and B-27 indicates that run Q5

produces a smoother along-track error history than does

r un Q3.

5.2.2 VARIATION OF CONTACT FREQUENCY

Runs Q8 through Qi0 and Qll througn Q14 illustrate the

EKF's performance for the two- and three-revolution con-

tact frequency cases, respectively. A state process noise

value of 10 -18 km2/sec 2 produces the smallest error

for the two-revolution case. After 9 hours of processing,

these errors are about 10 times larger than in the

l-revolution case. However, after 12 hours oE processing,

the steady-state solution error reduces to approximately

the level achieved in the one-revolution case (see Fig-

ures B-25 through B-30).

For the three-revolution contact frequency, a state proc-

ess noise value of 10 -20 km2/sec 2 produces the best

steady-state solution. After 9 hours of processing, the

errors are 30 times larger than those in the l-revolution

case. After 21 hours of processing, the errors decrease

to five times the errors obtained in the one-revolution

case. This error level is more than three times larger

than the steady-state error level obtained when both two-

way range and delta-range data are processed with a

three-revolution contact frequency.

5-11



5.2.3 VARIATION OF TDRS EPHERMIS ERRORS

Runs Q15 through QI7 and Ql8 through Q20 demonstrate the

effect of increasing the TDRS ephemeris errors for the

case of one and three contacts per revolution, respec-

tively. Radial and cross-track amplitudes of 280 meters

or an along-track amplitude of 320 meters does not signif-

icantly increase the error in the solution as compared to

the baseline case. The increase in the along-track ampli-
tude primarily affects the estimate for the parameter

PI" However, an increase in the along-track rate pro-
duces a biased solution for the one-revolution contact

frequency, as in the range and delta-range case (see Fig-

ure B-36).

5.3 ONE-WAY DELTA-RANGE DATA

This section discusses the performance of the EKF using

one-way delta-range data. The data occur at the same

times as do the two-way delta-range data; however, the

one-way data are simulated with a larger measurement noise

standard deviation, 10 centimeters, and the two levels of

user-clock errors defined in Table 3-4 (Section 3). The

baseline EKF processing options and a priori values are

identical to those used in the processing of two-way data

except for the larger delta-range standard deviation and

the addition of clock drift, 6, as an estimated param-

eter. Table 5-3 summarizes the results.

5.3.1 BASELINE RUNS

Runs R1 through R9 demonstrate the effect of varying the

process noise parameters for the baseline one-revolution

case, simulated with an accurate clock model. The solu-

tion is most sensitive to the value chosen for the clock

drift process noise. State process noise values of

10 -16 km2/sec 3 and 10 -18 km2/sec 3 produce identical
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-12
results. Similarly, drag process noise values of 10

per second and 10 -14 per second produce identical re-

-24
sults. A clock drift process noise _dte of 10

sec2/sec 3 produced the smallest errors, which were

about 50 percent larger than those in the two-way delta-

range case. In addition, a longer processing time, i.e.,

about 15 hours, was required to achieve a steady-state

solution than was required in the two-way cases.

5.3.2 VARIATION OF CONTACT FREQUENCY

Runs RI0 through RI4 and RI5 through RI9 were run with

contact frequencies of two and three revolutions, respec-

tively. In the two-revolution case, a clock drift process

noise covariance rate of 10 -19 sec2/sec 3 produced

the smallest error, which was about 5 times larger than

that in the 1-revolution 1-way case and 10 times larger

than that in the 2-revolution 2-way case. Inspection of

the corresponding along-track error graph (Figure B-45)

indicates a bias of about 700 meters in the steady-state

solution. In the 3-revolution case, a clock drift process

noise rate of 10 -17 to 10 -18 sec2/sec 3 produces

the best solution, with errors 15 times larger than those

in the l-revolution case. In addition, significantly

larger errors in the clock drift and Pl estimates were

obtained. Inspection of the corresponding along-track

error graph (Figure B-48) indicates that the EKF may not

have reached a steady-state solution in this case. This

result may indicate that more tracking data are required

to achieve a reasonable level of accuracy.

5.3°3 BASELINE RUNS WITH NASA STANDARD TRANSPONDER MODEL

Table 5-4 summarizes the runs that were made to investi-

gate the EKF's performance using the NASA transponder

model as a frequency standard, the best solution was

J

_/
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obtained using a state process noise of 10 -18 km2/

sec 2 and a clock drift process noise of 10 -16 sec2/

sec 3. The solutions did not appear to be sensitive to

the value for the drag process noise. The best solution

has an error after 21 hours of processing that is about

six times larger than that obtained using data simulated

with the accurate clock model. Inspection of the corre-

sponding error plots indicates that the EKF may not have

converged to a steady-state solution after 24 hours of

processing.

5.4 ANOMALOUS DATA CASES

To assess the impact on the EKF's performance of process-

ing a pass of data with large time-varying range and

delta-range measurement errors, data set i in Table 5-5

was substituted for the TDRS-W data that occur at 13 hours

in the baseline one-revolution data set (see Figure 5-i).

This pass occurs 1 hour after the minimum in the sinu-

soidal ephemeris error model for TDRS-W, resulting in an

approximate range error of 5 kilometers. The delta-range

error of 500 centimeters is due primarily to the along-

track rate. Runs T1 and T2 in Table 5-6 correspond to

performing this simulation using two-way range and delta-

range and two-way delta-range, respectively. A 500-sigma

edit test was used for both cases. Comparison with the

baseline simulations PI2 and Q5 shows essentially no in-

crease in the error in the steady-state solution. Inspec-

tion of Figures B-52 througn B-57 shows some increase in

error at 13 hours, when the anomalous data are processed.

Run T3 corresponds to a simulation in which the effect of

one pass of data with a large delta-range measurement bias

was studied. Data set 2 with a delta-range bias of

200 centimeters was substituted for a nominal pass of

.j/

J
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data. This data set was not edited and resulted in a sig-

nificant increase in the solution error 7 hours later.

The effect of losing or deleting a pass of data was simu-

lated in runs T4 and T5. Data set 3, in w_ich the 4th,

8th, and 16th passes were deleted from the baseline

l-revolution case, was used. These results do not indi-

cate any significant increase in the error in the solution.

Several runs were also made processing one-way data that

was simulated with sinusoidal clock bias errors in addi-

tion to the accurate quadratic clock model (see Equa-

tion (2-8)) _. The sinusoidal clock bias errors also

produce a sinusoidal Dias in the delta-range data that is

given by Equation (2-9). The frequency of the errors was

equal to the orbital frequency of GRO. The amplitudes
-7

were Chosen such that a I ranges from 2 x 10 to 2 x

tO-6
seconds and a 2 is zero. These values produce an

amplitude in the delta-range bias of between 60 and

600 cenuimeters. Table 5-7 summarizes the results from

these runs.

Comparison with run R8 indicates that a 60-centimeter bias

amplitude, wnic_ is equal to 0.1 percent of the bias

caused Oy the clock drift (6), does not produce any deg-

radation. An amplitude as large as 600 centimeters pro-

duces about a 100-percent increase in the solution error

after 21 hours of processing. In run T9, the measurement

standard deviation was increased to 200 centimeters to

account for the sinusoidal measurement Oias produced by

the clock error. In run TI0 the clock drift process noise

covariance rate was increased to 10 -22 sec2/sec 3.

Comparison of run Tl0 with run R8 indicates that after

21 hours of processing, the effect of the sinsuoidal clock

error is essentially eliminated. Run Tll also demon-

s_rates a significant improvement in the overall sblution
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accuracy using the larger measurement standard deviation

and clock drift process noise covariance rate.
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SECTION 6 - CONCLUSIONS

This section discusses conclusions resulting from com-

parison of the EKF's performance characteristics when

processing two-way range and delta-range data, two-way

delta-range data, and one-way delta-range data for estima-

tion of the orbits of Landsat-D and GRO. Comparisons are

made with respect to (i) accuracy in the baseline one-

contact-per-revolution case, (2) effect of varying contact

frequency, (3) effect of increased TDRS ephemeris errors,

and (4) accuracy in the presence of anomalous or deleted

data set cases.

6.1 LANDSAT-D ESTIMATION

Table 6-1 summarizes the simultations that produced the

most accurate Landsat-D orbital estimates after 24 hours

of processing. Comparison of these results yields the

following general conclusions:

• Baseline performance--For the baseline one-

contact-per-revolution case, Ooth two-way data sets (B5

and H3) yield comparable solutions with rms differences of

50 meters and maximum differences of 100 meters during the

last 3 hours of processing. Using the one-way data simu-

lated with an accurate clock model requires about 15 hours

to achieve a steady-state solution with rms differences of

90 meters and maximum differences of 170 meters as com-

pared'to about two contacts or 3 hours for the two-way

data cases. This longer processing time probably indi-

cates that additional processing is required to decouple

the state corrections from clock drift corrections.

• Performance with reduced tracking--Comparison of

tne two- and three-contact-per-revolution cases indicates

that in the case of two-way data, accuracies comparable to
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those achieved in the one-revolution case are achieved for

born the two- and three-contact-per-revolution cases (C4,

D2, I6, and J3). For two-way delta-range data, the ini-

tial transients have smaller amplitudes than those in the

comparable range and delta-range case, but the three-

revolution case requires more processing (i.e., three con-

tacts) to achieve a steady-state solution. In the one-way

cases simulated with an accurate clock (MI4 and M24), the

solutions demonstrate comparable performance to the two-

way delta-range cases in processing the first contact but

do not achieve as accurate a steady-state solution as is

achieved in _ the one-revolution contact frequency cases.

• TDRS ephemeris errors--Examination of the results

presented previously for simulations in which the TDRS

ephemeris errors were increased indicates that ephemeris

errors with radial and cross-track amplitude of 280 meters

(E4, K2, and M31) did not significantly increase the

errors obtained in the steady-state solution as compared

with the baseline one-revolution cases. Along-track error

amplitude of 320 meters (E7, K6, and M32) produce signifi-

cant increases in the transient deviations for the delta-

range-only cases (e.g., 50 to 60 meters at 12 hours); how-

ever, these increases essentially disappear after 24 hours

of processing. An increase in the along-track erro_ rate

to i000 meters per day did not significantly increase the

errors obtained when processing two-way data (E5 and K3);

nowever, in the one-way data case (M33), the error in the

steady-state solution was increased Dy about 30 meters.

This increase may result from the high correlation between

a user-clocK drift rate and an along-track TDRS ephemeris

error.
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• User-clock errors--Inspection of the results oO-

rained from simulations using the accurate user-clock

model (M4) with those using the NASA standard transponder

model (N6) snows that the NASA standard transponder pro-

duces more than a tenfold increase in the solution errors

even after 24 hours of procesing. Estimation of the clock

drift rate of the NASA standard transponder model (NI4)

yields a solution as accurate as that obtained in the

two-way data simulations. This demonstrates that it is

the inadequacy of the linear clock model rather than the

magnitude of the clock drift term that limits the accuracy

of the solutions for the poorer clock. Sinusoidal bias

errors with amplitudes of 2 x 10 -7 seconds (which pro-

duce a 60-centimeter oscillation in the delta-range bias),

in addition to the accurate quadratic model, approximately

doubled the error as compared to the errors obtained using

only the quadratic model. An amplitude of 2 x 10 -6 sec-

onds produced an approximately tenfold increase in the

error.

• Performance with anomalous data--Inspection o[

the results presented in Table 4-9 (Section 4) indicates

that processing one pass of data with anomalously large

measurement errors significantly increases the errors dur-

ing the time of processing the anomalous data. In addi-

tion, the errors in the solution as much as 16 hours later

remain somewhat larger. Cases in which the data pass was

edited (03) or deleted (07 and 08) snow no significant

degradation in the accuracy of the solution. This result

indicates that editing as much as 20 percent of the data

is preferable to processing data with large errors. Thus,

appropriate EKF editing algorithms should be given further

attention.
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6.2 GRO ESTIMATION

Table 6-2 summarizes the simulations that produced the

most accurate GRO orbital estimates after 24 hours of

processing. Comparison of these results yields the fol-

lowing general conclusions:

• Baseline performance--Estimation of an atmos-

pheric drag parameter, Pl' was found to significantly

increase accuracies obtained in the baseline case. For

the one-contact-per-revolution cases, both two-way data

sets, PI2 and Q5, produced solutions of comparable accu-

racy with an rms difference of about 80 meters and a maxi-

mum difference of 90 and 150 meters, respectively. Using

one-way data produced solutions with about twice the error

obtained in the two-way cases. All these cases required a

longer processing span to achieve an equilibrium solution

than was required in the Landsat-D cases.

• Performance with reduced trackinq--Comparison of

the two- and three-revolution contact frequency simula-

tions indicates that final solutions of accuracies compar-

able to those achieved in the one-revolution case are

achieved with two-way range and delta-range data for both

frequencies and with two-way delta-range data only for the

two-revolution frequency. Significantly larger errors are

obtained in the one-way cases. All cases, except the

two-way range and delta-range two-revolution case, still

have large errors after 9 hours of processing. These re-

sults indicate that these cases require more tracking data

to achieve a good solution.

• TDRS ephemeris errors--Inspection of the results

presented previously indicate that radial and cross-track

TDRS ephemeris errors as large as 280 meters or along-

trac_ errors as large as 320 meters do not produce signif-

icantly larger errors in the solution using two-way data
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at a one-revolution contact frequency (P30, P31, QI5, and

QI6). However, an increase in the along-track rate to

I kilometer per day produces solutions biased by about

i00 meters. In the three-revolution cases, the increased

radial and cross-track errors produce significant in-

creases in the transient errors, but these increases dis-

appear after 21 hours of processing. The increased

along-track amplitude does not have a significant effect;

the increased along-track rate produces a 50-meter bias in

the final solution.

• User-clock errors--The best solutions obtained

using one-way data simulated with an accurate clock pro-

duced errors that were about 50 percent larger than those

in the two-way delta-range case. Using data simulated

with the NASA standard transponder model produced a six-

fold increase in the error in the solution as compared to

t_at produced using the accurate clock. Sinusoidal bias

-7
errors with amplitudes of 2 x i0 seconds (which pro m

duce a 60-centimeter oscillation in the delta-range bias),

in addition to accurate clock timing errors, did not pro-

duce any degradation in accuracy. An amplitude of

2 x I0 -6 seconds doubled the solution error after

21 hours of processing.

• Performance with anomalous data--Cases in which

data were deleted or the anomalous data were edited re-

sulted in essentially no increase in the error in solu-

tion. Processing of anomalous data produced large

transient errors that decreased as more data were proc-

essed.
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APPENDIX A - LANDSAT-D ERROR PLOTS

This appendix contains plots of the radial, cross-tracK,

and along-track position differences that were obtained Dy

differencing the "truth" and EKF estimated ephemerides.

Taole A-1 is an index to this appendix; the run identifi-

cation numbers are identical to those defined in Section 4

in the taDles listed.

A-I



Table A-I. Appendix A Index J

RUN
NUMBER

A1

B2

85

C5

02

E4

E5

E7

FI

G1

H3

16

J3

K2

K3

K6

L4

M3

M4

M5

M14

M26

M33

N6

N14

O1

02

03

04

05

O6

07

O8

O10

Oll

TAB LE

REFERENCE

4,--1

4-1

4-1

4-1

4-1

4-2

4-2

4-2

4-2

4-3

4-3

4-3

4-3

4-4

4-4

4-4

4-4

4-5

4-5

4-5

4-5

4-5

4-5

4-6

4-6

4-9

4--9

4-9

4--9

4-9

4-9

4-9

4--9

4--10

4-10

DATA PLOTTED 1

,_R, AC, AL

_R, &C, AL

AR, _C. _L

,_R. _C. ,._L

,3R. _C. ,3L

AR. AC, _L

_R, &C, &L

_R, _C, AL

_R, _C, _ L

_R, _C, AL

_R, _C. _L

_Ro g_C, _ L

_R. AC, AL

_R, _C, AL

AR, g_C, _L

_R, ._C. AL

AR. _C, AL

AR. _C. AL .

&R. AC. AL

,_R, ,_C. _L

AR, _C. 3L

_R. ,_C. ,._L

_R. ,_C, _L

_R, _C. _L

_R. _C. -_L

._R. _C. ,_L

_R, AC, AL

AR. AC. _L

_R, AC. _L

_R, -_C, _L

AR. ,.3C. ,,_L

,_R, ,_C, AL

_R, _C, _L

_R. AC. _L

,_R. AC. ,_L

TIME

SPAN

0h_12 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_12 h

0h_12 h

0h_12 h

0h_l_ h

0h_12 h

0h_24 h

0h_24 h

0h_24 h

0h_12 h

0h_12 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0 h _24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

FIGURE
NUMBERS

(A-- )

1.2.3

4.5.6

7,8.9

10, 11, 12

13.14. 15

16. 17, 18

19, 20, 21

22, 23, 24

25, 26. 27

28, 29, 30

31, 32, 33

34. 35, 36

37.38, 39

40. 41, 42

43, 44, 45

46.47, 48

49, 50, 51

52.53, 54

55, 56, 57

58, 59, 60

61, 62, 63

64, 65.66

67.68.69

70, 71, 72

73, 74, 75

76. 77_ 78

79.80, 81

82.83, 84

85, 86, 87

88.89.90

91.92, 93

94.95.96

97, 98, 99

100, 101, 102

103, 104. 105

I_R = RADIAL POSITION DIFFERENCE; -_C = CROSS-TRACK POSITION DIFFERENCE;

AL = ALONG-TRACK POSITION DIFFERENCE,

4_

_j¢"
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APPENDIX B - GRO ERROR PLOTS

This appendix contains plots of the radial, cross-track,

and along-track position differences that were obtained by

differencing the "truth" and EKF estimated ephemerides for

GRO. Table B-I is an index to this appendix.

B-I



Table B-I. Appendix B Index

RUN
NUM8ER

P3

P12

P21

P24

P32

P34

P37

Q3

(15

Q9

Q13

Q17

Q20

R8

Rll

R15

S3

T1

T2

T3

T4

T5

T7

TIO

Tll

TAB LE
REFERENCE

5--1

5--1

5--1

5--1

5--1

5--1

5-1

5-2

5-2

5-2

5-2

5-2

5-2

5-3

5-3

5-3

5-4

5--6

5--6

5-6

5-6

5--6

5--7

5--7

5--7

DATA PLOTTED I

&R, &C, _L

&R, &C, &L

&R, &C, &L

&R, AC, & L

&R, &C, &L

&R, &C, &L

AR, "_C, '_ L

AR, _C,,A L

_R, AC, AL

AR, &C, A L

_R, _C, _L

,',R, &C, AL

_R. AC. ,0,L

_R, _C. _L

_R, &C. _L

_R. &C, _L

_R, &C. _ L

,_R, &C. &L

AR, AC, ZIL

&R, AC, & L

_R, &C. &L

&R, AC, &L

&R, AC, ,_ L

&R, &C. ._ L

&R, &C. & L

TIME

SPAN

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h--24h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

0h_24 h

FIGURE
NUMBERS

(B- )

1,2,3

4,5,6

7.8.9

10, 11, 12

13, 14, 15

16, 17. 18

19, 20, 21

22.23, 24

25.26.27

25.29,30

31, 32, 33

34, 35, 36

37. 38.39

40, 41, 42

43, 44, 45

46, 47.48

49, 50, 51

52, 53.54

55, 56, 57

58, 59, 6O

61, 62.63

64, 65, 66

67, 68, 69

70, 71, 72

73, 74, 75

o
=..
_0
04

P_

&R = RADIAL POSITION DIFFERENCE; &C " CROSS-TRACK POSITION DIFFERENCE;
_L - ALONG-TRACK POSITION DIFFERENCE.
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APPENDIX C - ACCURACY OF EKF BASELINE EPHEMERIS

To assess the accuracy of the Runge-Kutta (RK) 3(4+) inte-

grator and force models used in the R&D GTDS FILTER pro-

gram, a series of Ephemeris Generation (EPHEM) and

Ephemeris Comparison (COMPARE) prQgram runs were made to

compare the Landsat-D ephemeris generated in the FILTER

program to the truth ephemeris generated by the Cowell

integrator. Each case used the same initial state for

Landsat-D and was run for a period of 12 hours. The truth

model used a GEM-9 geopotential field with 15-by-15 har-

monic terms, a 1964 Harris-Priester (HP) atmospheric model

using a density table corresponding to a solar flux level

(F) equal to 150, and a drag coefficient (C D) equal to

2.0. The step size of the Cowell integrator was fixed at

45 seconds. The RK 3(4+) integrator was run in the vari-

able step mode, with a tolerance of 1.0E-08. The average

step taken during the 12-hour i_tegration was 17 seconds.

Table C-I summarizes the runs made using the RK 3(4+) in-

tegrator subjected to various force model perturbations.

The reference coordinate system and the noncentral body

force parameters were the same throughout all runs. The

first three columns in the table specify the modeling pa-

rameters that were varied in this study. The next three

columns specify the maximum radial, cross-track, and

along-track ephemeris differences from the truth model,

either at the 12-hour point or at the time from the start-

ing point written below the value, whichever was

greatest. The last column specifies the magnitudes of the

differences in the state vector when compared to the truth

epnemerides after 12 hours.

The comparison indicates that gravitational model errors

and truncation of the gravity model to eighth order are

C-I



Table C-I. Runge-Kutta 3(4+) Orbit Propagator Evaluation

GRAVITY
MODEL

NAME/SIZE

GEM-9115 x 15

GEM-1115 x 15

GEM-918 x 8

GEM-1/8 x 8

GEM-9/15 x 15

GEM-9/15 x 15

GEM-1/8 x 8

SOLAR FLUX
CONSTANT IN

HP MODEL

150

150

150

150

200

200

2OO

DRAG
CONSTANT,

Co

2.0

2.0

2.0

2.0

2.0

2.2

2.2

.ab

_H

1.5 cm

39m
(0 2.6 hr)

40m
(0 5 hr)

37 m
(@ 5 hr)

6.5 m
(0 10.6 hr)

7.5 m
(@ 10.6 hr)

39 m
(@6.1 hr)

MAXIMUM EPHEMERIS ERRORS

_C

0.7 cm

27 m
(@ 10.8 hr)

57 m
(@ 9.1 hr)

56m
(@9.1 hr)

11 cm

12 cm

56 m
(@ 9.1 hr)

_L

29cm

449 m

388 m

830 m

167 m

195 m

1026 m

,.IR

29 cm

449m

388 m

830 m

167 rn

195 m

1026 rn
O

',n

P.

C-2



the most significant error sources, each contributing

about 400 meters of error after 12 hours of prediction.

An error of 50 in the solar flux number contributes about

170 meters to the final error, and an error of 10 percent

in the atmospheric drag constant yields an error of about

30 meters. The error resulting from the difference in the

RK and Cowell integrators is about 30 centimeters after

12 hours. Figure C-I shows the growth in the total

along-track error over 12 hours for Landsat-D. Figure C-2

shows the growth in the total along-track error for GRO,

due to the mismatch in the dynamic models listed in

TaDle 3-5 (Section 3).
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APPENDIX D - COMPUTATION OF MEASUREMENT STANDARD DEVIATION

ARISING FROM TDRS EPHEMERIS ERRORS

This appendix gives the derivation of the equations used

for computation of the measurement standard deviations

that were used in the EKF runs.

D.1 RANGE STANDARD DEVIATION

The range standard deviation, o R , is the standard de-

viation of the error along the line-of-sight vector from

the TDRS to the spacecraft, £. The instantaneous line-

of-sight error arising from TDRS ephemeris errors is given

by

A-_- HTDRS(t ) cos #(t) + [CTDRS(t) + LTDRS(t)] sin _(t) (D-l)

where # = angle between _ and the radius vec-
tor to the TDRS

HTDRS(t ) = instantaneous radial ephemeris error

CTDRS(t) = instantaneous cross-track ephemeris error

5TDRS(t ) = instantaneous along-track ephemeris error

?he maximum value for # (#MAX) occurs at the edge of

visioility.

If the sinusoidal ephemeris error model is used, Equa-

tion (D-l) becomes

_ -- [HTDRS cos #(t) + (CTDRS

+ iTDRS t sin #(t)

2_t

+ LTDRS) sin # (t) ] sin 86400

(D-2)

where HTDRS, CTDRS, LTDRS = amplitudes of sinusoidal terms

LTDRS = along-track rate

t = time of the prediction

D-I



The standard deviation of A£ is given by

Ii[ 2 2 2s2= (CTDRS LTDRS )HTDRS s (cos #) + +

3 (sin ,)

(sin #)] 2

(D-3)

where T is the length of the prediction.

For Landsat-D,

-i 7000
#MAX = tan 42000

cos #MAX = 0.98

÷0 16
s in _MAX = - "

cos #MIN = 1.0

sin #MIN - 0.0

= ±9.5 degrees

Therefore,

_2(COS #) = (0.99) 2

2 (0.16)
(sin #) = 2

(D-4)

SuDstituting into Equation (D-3) yields

2
i [HTDRS + (CTDRS

i/2
•2 2

1001) DRST /

+ LTDRS) 2(0.01)]

(D-5)

D-2



The standard deviation of the range measurement is given by

oR = o (A£) + o
Rnoise

For the baseline case, o R . = 1 meter, HTDRS = 35 meters,
nolse

CTDRS = 35 meters, LTDRS = 80 meters, L = 250 meters per day,

and T = 1 day, which yields

o R = 29 meters + 1 meter = 30 meters

D.2 DELTA-RANGE STANDARD DEVIATION

The contribution to the delta-range standard deviation

arising from TDRS ephemeris error is given by

oa R
= (t) - A£(t - AT)

• AT 2} 1/2

where E signifies expected value, and AZ(t) is given by

Equation (D-2).

Using the approximations

(D-6)

sin _(t - AT) = sin _ (t) - (_AT) cos _ (t)

and

cos _(t - AT) = cos _ (t) + (_AT) sin _(t)

D-3



yields

2_ 2_ tA_(t) -A_(t - AT) = HTDRS 86_0 cos _(t) cos 86400
AT

( 2_t 2_AT 2_t I]- $ sin _ (t) sin 64_ - 8--_ cos 86-_I

[_-0_ 2_ t+ (CTDRS + LTDRS ) sin # (t) cos

cos

+ LTDRsT[$ cos # (t) ] + LTDRS[sin _ (t)

- SAT cos _ (t)]

For a 7000-kilometer-altitude spacecraft such as Landsat-D

or GRO,

19 degrees = 0.0001 radian per second
50 seconds

Keeping terms to one part in 103 yields

-_ -_ [ 2n tA_ (t) - AZ (t - AT) = HTDRS 0.00007 cos _ (t) cos 86400
AT

]
- 0.0001 sin _(t) sin 86-400-J

2_+ (CTDRS + LTDRS ) 0.00007 sin )(t) cos _-_-0-_

+ 0.0001 cos #(t)sin _]

+ LTDRS[0.0001T cos _ (t) + sin _ (t)

- 0.001 cos _(t)]

D-4



Taking the expected value and using Equation (D-4) yields

c 2
AR

2
- HTDRS[2.5 x l0 -9]

2 10-9)
+ (CTDRS + LTDRS) (5 x

+ LTDR s (10 -8) + 0.01

Using a value for T of 1 day yields

2 + + )2 -9)
CAR (2 5 x l0 -9) 2- . HTDR S (CTDRS LTDRS (5 x l0

2
+ LTDRS (25)

Using the nominal values of HTDRS = 35 meters, CTDRS =

35 meters, LTDRS = 80 meters, and LTDRS = 250 meters per

86,400 seconds yields CAR = 1.4 centimeters.

D-5



APPENDIX E - SAMPLE DECK SETUP

Figure E-I presents a sample of the deck setup that was

used witn R&D GTDS to generate the results presented in

this study. The setup given corresponds to run R7 in

Table 5-3.
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iNPUT CARD IMAGES

COLUNN t
CONTROL EPHEM
ELEMENT ! 2 2 t 67"/8. t40 O.001"/

ELEMENT2 0.O O.0
EPOCH 801OO t. O O. O

0RETYPE 2 1 2 45.

OUTPUT t 3 t SO tOO! .O 240OOO. O
0MOPT

WORKATN S

END
OGOPT

AUTOFORC ! 4

MAx0ROEQ I 15.O
MAXOEGE0 ! fS.O

POTFZELO 1 S

S0LRAO t 2.0
OUTOPT 3 t 2 801001000000.0 801001240000.0

DRAG 1 1.O

0RAGPAR 3 0 2.0
SCPARM4 0.000020 1700.0

ENO

F_N
CONTROL EPHEM

ELEMENT I 2 2 I 6778. t40 0.0Ot7

ELEMENT2 0.O O.O
EPOCH 801001 .O O. 0

OR8TYPE 2 I 2 45.

OUTPUT 1 3 1 801001.0 240000.0

DMOPT
WORMATM 5

ENO

OGOPT
AUTOFORC 1 4

MAXOROEO | 15.0
MAXOEGEO 1 15 .'O

P0TF ZELO I S
$OLRAO t 2.0
STATEPAR t *

- STATETA8 1 2 3 4. 5.
"- 0UTOP T O ! I 800930235500. O RO 1001240050.0

_ OUTPART t 1.
O_AG 1 1.0

0RAGPAR 3 0 2. O
SCPARAM O. 000020 1700.0

END
FiN

CONTROL DATASZM

OMOPT
TDR|O t 2

/GPSOATA 1 t
OBSOEV 82 83 1.0 10.0

END
DCOPT

OSPEAI 6 801001. O.0
OSPEA2 19 1 t 8OIOOI.O 240000.0

OSPEA3 0 1 1

END

GPSOPT
TOR$SCH t t 801001001000. 801001001959.

TDRSSCH 1 2 801001015000. 801001015959.

TORSSCH 2 1 801001031000. 801001031959.
TORSSCH 1 3 80 tO0104_500. 001001050459.

TORSSCH 2 2 801OO I0620C_- 8C IOO 106295g.

TDR$$CH 1 4 801001082000. 801001082959.
TORSSCH 2 3 801001094300. 801001095259.

TDRSSCH 1 5 801001 t 14000. 8010011149_J.

TORSSCH 2 4 801001130000. 80100113095g.

TORSSCH 1 § 801001144000. 801001144°.59.

TORSSCH 2 S 801001161000. 801001101151.

TORSSCH 2 6 801001 I74OO0. 801001174959.
TDRSSCH t ./ 801001193600. 801001194519.

TORSSCH 2 7 801001204000. 80 I00120495g.
TORSSCH 1 8 8OIOO t215OO0. 801001215959.

TORS$CH 1 9 801001233000. 8010OI23395g.

GRO

211.0
0.0

t8OO.O

438.0

GRO

28.0
O.O

1800.0

6.
50.O

GRO

501_14

8010014

801_IA

Figure E-I. Sample Deck Setup (i of 2)
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GPSBIAS ! 1 1 23.3

CLuSCONF 6

GPSPOSER t 3S.0
GPSVELER 1 0.5

GPSSEE t ! 2 tO.O

GPSSIMI O t t IO.O
OPSSZM2 O O 1 864CO.0

GPSS|M4 0.O
END

FIN

CONTROL FILTER

ELEMENT1 2 ! ! 6766.72
ELEMENT2 0.0003

EPOCH 801001.0
0RSTYPE 10 2 2 1S.O

08SZNPUT t4 aOIOOIOOOOOO.O
OMOPT

TORIO t 2

WORKATM ?

/GPSDATA1 1
08SOEV 82 83 -40.0

[N0

OCOPT
CONVERG 1

EDIT 1000000.0

PRINTOUT t t 1.O
END

OPSOPT

USERSZAS 1 3 1

GPSSIM4 O.O
ENO

FILOPT

FILTER 2 t t 1.O
tNPUT I 1 1

SPNO[SE 44 SS 66

OYNOISE

UCLOCKPN
END

OGOPT
AUTOFOR¢ 2 4

POTF[ELO l 3

MAXOROEO l 8.0
MAXOEGEQ I 8.0

$OLRAD I 2.0

DRAG t t.O

0RAGPAR 2 O 2.2
ORAGPAR 1 1 0.O

COVARNC I1 22 33 O.1

CDVARNC 44 S5 §6 0.000001
STATEPAR 1 1

OUT0PT 23 1 2 801001000000.0
END

FIN

CONTROL COMPARE

COMPOPT
CMPEPHEM 2202202 801001000000.0

CMPPLOT IS

END
FIN
CONTROL COMPARE

COMPOPT

CMPEPHEM 2202202 801001090000.0

CMPPLOT IS

END

FIN
CONTROL COMPARE

COUPOPT
CMPEPMEM 2202202 801001210000.0

CMPPLOT IS

ENO
FIN

1.00- 11)

t._- 14

3S.0 80.0
0.5 0.2Bg3S

tO.O
29. 0.0

2.00÷ S 0.2

*O. I

a. 7824

O.O

OR3

O.i

3.6OQ

801_124_.0

10.O

2.0

t.OO_ 6
2.20+ S O.O

1.00- t8

1.00- 23

1.O

O.I O.1
0.000001 0.000001

801001240000.0 438.0

OR0

801001240000.0 7.3

801001120000.0

GRO

7.3

801001240000.0

GRO

7.3

|01_14

1.O0- 18

8010014

|01_14

11223344

Figure E-I. Sample Dec_ Setup (2 of 2)
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